Abstract-Changes in economic, technological, and environmental policies are resulting in a re-evaluation of the dependence on large central generation facilities and their associated transmission networks. Emerging concepts of smart communities/cities are examining the potential to leverage cleaner sources of generation, as well as integrating electricity generation with other municipal functions. When grid connected, these generation assets can supplement the existing interconnections with the bulk transmission system, and in the event of an extreme event, they can provide power via a collection of microgrids. To achieve the highest level of resiliency, it may be necessary to conduct switching operations to interconnect individual microgrids. While the interconnection of multiple microgrids can increase the resiliency of the system, the associated switching operations can cause large transients in low inertia microgrids. The combination of low system inertia and IEEE 1547 and 1547a-compliant inverters can prevent multiple microgrids from being interconnected during extreme weather events. This paper will present a method of using end-use loads equipped with grid friendly appliance controllers to facilitate the switching operations between multiple microgrids; operations that are necessary for optimal operations when islanded for resiliency.
afforded from a smart community have results in numerous deployments around the world [4] [5] [6] [7] [8] . When resiliency is a primary consideration for a smart community, it is common for one or more microgrids to be included in the integrated operations [9] [10] [11] [12] . When microgrids are grid connected, operations attempt to minimize energy consumption, reduce emissions, and maximize the penetration of renewable generation [13] [14] [15] [16] [17] .
When microgrids are connected to the bulk electric system, there is enough operational flexibility to re-dispatch and/or reconfigure as necessary to optimize energy consumption and emissions. However, during extreme events, it is possible for a smart city to become separated from central generation assets [18] [19] [20] . When this occurs, local distributed resources will only supply power to a fraction of the total end-use load. Under these conditions, the smart city will be served by a number of separated microgrids; because of control complexity issues, it is not likely that an entire city would be served by a single monolithic microgrid [21] .
If the bulk power system is unavailable for an extended period, there can be a desire to interconnect individual microgrids to share resources and maintain power to critical loads for a longer period [21] . The challenge with interconnecting microgrids under these conditions is that switching operations between microgrids can result in large deviations in the frequency and voltage, and possible collapse of one or more of the microgrids. The large deviation in frequency and voltage arise due to three issues.
First, in order to interconnect two or more microgrids, it may be necessary to energize relatively large portions of deenergized conductor and the associated loads, which results in inrush currents [22] [23] [24] . Second, to minimize emissions, many of the available generation assets will be renewables that are inverter-connected with little or no inertia [25] - [27] . Third, during a switching transient, it may not be possible for the system frequency to be maintained within the normal operating ranges for inverters prescribed in the IEEE Standard for Interconnecting Distributed Resources with Electric Power Systems, Amendment 1; IEEE std. 1547a. Operation outside of these operating ranges can cause inverter-connected generation assets to drop off-line during the transient [28] .
Numerous control schemes have been presented for operating multiple microgrids, the majority of which rely on U.S. Government work not protected by U.S. copyright. a strong communications network [29] [30] [31] [32] [33] [34] . However, extensive communications infrastructures are expensive, and following a severe weather event, may not be operational [18] [19] [20] . One alternative is to include a decentralized control component to mitigate the frequency and voltage transients due to switching operations. This paper proposes incorporating end-use loads equipped with Grid Friendly TM Appliance (GFA) controllers [35] [36] [37] [38] [39] [40] to mitigate the transients that occur when performing the switching operations necessary to support the coordination of multiple microgrids. As described in [35] [36] [37] [38] [39] [40] , GFA controllers are distributed devices that enable the isolation, and reconnection, of end-use loads at the at the local low voltage level without the need for a communications infrastructure.
When enabled with GFA controllers, the end-use loads would independently respond to frequency and voltage transients to minimize the likelihood of inverters tripping off, supporting resilient operations of multiple microgrids.
The rest of this paper is organized as follows: Section II discusses the operations of multiple microgrids and Section III details the test system. Section IV presents a method to use GFA controllers to mitigate switching transients and Section V contains the simulation results. Section VI presents the concluding comments.
II. OPERATIONAL CONSIDERATIONS FOR COORDINATING MULTIPLE MICROGRIDS
When microgrids are operating in a grid-connected mode, the transformer at the substation provides a relatively stiff voltage source [25] . During islanded operations, the lack of a stiff voltage source can result in larger than normal frequency and voltage transients, especially during switching operations [41] . Similar to a collection of individual distributed resources, there are benefits to interconnecting multiple microgrids [21] . These include, but are not limited to, the following:
1) The ability to optimize the loading of diesel generation units so each unit is running at a more efficient operating-point. 2) The ability to combine the rotating inertia of multiple microgrids to minimize the magnitude and duration of frequency and voltage transients. 3) The ability for one microgrid to support another if its diesel generator(s) fail to start. If the microgrids are not directly adjacent to one another, it will be necessary for the de-energized line sections between the microgrids to be energized. The energization of these line sections, and their connected end-use loads, results in an inrush current that causes a system transient. Similarly, if a microgrid is energizing a de-energized microgrid, perhaps because its diesel failed to start, there will be an associated transient as the microgrid is energized.
A. Inrush and Saturation During Switching Operations
When energizing a microgrid, the associated switching operations will result in a current inrush that is dependent on the amount of load energized, the number of transformers energized, and the extent to which transformer cores are saturated. Due to the lack of a strong central voltage source when islanded, the inrush current will cause a frequency and voltage transients [42] .
The magnitude of the frequency and voltage transient will be dependent on the magnitude of the inrush, the amount of rotating inertia on the microgrid, and the capabilities of the speed control governors and voltage regulators. Additionally, the magnitude of the transient will be affected if any of the distributed resources trip off-line during the transient.
B. Response of Inverter-Based Generation
Contemporary inverter-connected solar photovoltaic (PV) generation is typically IEEE std. 1547 compliant, with future units expected to be IEEE std. 1547a compliant [28] . In the absence of a communications infrastructure, when a microgrid is designed to provide seamless transmission from gridconnected to islanded operation, the local PV inverters will continue to operate with the same group of set points. As a result, the switching transients associated with multiple microgrid operations have the potential to cause the inverterconnected PV to trip off-line during the transients. The loss of the inverter-connected PV during the transients has the potential to increase the magnitude of the transient or to cause the microgrid to become unstable and collapse.
III. TEST SYSTEM
To examine the incorporation of end-use loads equipped with GFA controllers to mitigate the transients of switching operations, a modified version of the IEEE 123-node Test System is used [43] . The IEEE 123-node Test System was selected because it is an accurate representation of a moderate sized electrical distribution feeder with the appropriate level of load imbalance.
The test system used for simulation reflects the fact that operating an entire city as a single monolithic microgrid is not practical [21] . This section will discuss the test system, including the component microgrids, the generator controls, and an example of system-level inverter drop out during a switching transient.
A. System Model
For this paper, a modified version of the IEEE 123-node Test System with three microgrids is used. Each of the microgrids has a combination of diesel generators and inverter-connected solar PV; the inverters are compliant with IEEE std. 1547a-2014 [28] . The three microgrids are shown overlaid with the IEEE 123-node Test System in Fig. 1 . In Fig. 1 , the shaded regions represent the boundaries of the three microgrids. Enduse loads in these regions can be supplied by the microgrids when the substation voltage source is not present, those in the non-shaded region cannot.
The distributed energy resources (DER) of the three microgrids are shown in Table I . For each of the nine generation sources, Table I indicates which microgrid they are located in, which node they are connected to, the generator type, the Table I will be discussed in the next section.
B. Generator Controls
Modern diesel generators have lower moments of inertia compared to older units, due to manufacturer's efforts to reduce weight and cost [44] . Due to the lower moment of inertia, modern diesel generators above 100 kW are typically equipped with proportional-integral-derivative (PID) type speed controls [45] . PID-type controls allow for speed control with lower inertia units. For this reason, all four of the diesel generators listed in Table I use a PID-type GGOV1 governor for speed control, instead of older electromechanical governors, such as the DEGOV1 governor [46] .
The model for the GGOV1 speed control governor was originally designed for gas turbine generators. However, with the correct settings, GGOV1 can be used to represent the controls of a modern PID controller for a diesel generator [46] . The faster responses of the GGOV1 model allow lower inertia diesel generators to support transients that cannot be supported with older electromechanical governors such as DEGOV1. Each generator also uses a voltage regulator to help maintain the system voltage. All diesel generators listed in Table I use the common solid-state SEXS-type voltage regulator for voltage control [25] . These voltage regulators control the field excitation of the generators, which allows the diesel generators to control the system voltage.
In addition to the IEEE std. 1547a guidelines, all the inverters also have a simple PID control. The inverters do not actively regulator voltage or frequency, but the PID control does act to maintain maximum active power output. For the purposes of these simulations, it is assumed that all inverters are operated with a unity power factor. This assumption is consistent with a microgrid that uses the rotating generators for primary frequency and voltage control.
C. Transient With Loss of Inverters
Even with modern PID controls, frequency and voltage transients will occur during switching operations in an islanded microgrid. The magnitude of these transients is increased by the combination of lower moments of inertia for rotating machines, a higher penetration of inverter-connected DER with no inertia, and the potential for inverter-connected DER to trip off-line during the transient.
Modern PID control, and high-speed actuators, can mitigate the reduced moment of inertia when microgrids are operating islanded, but the potential for DER to trip off-line during a transient is an operational challenge. This problem becomes more acute as microgrids integrate higher levels of inverterconnected DER to reduce emissions. An example of this issue is shown in Fig. 2 , where the islanding of Microgrid 1, from Fig. 1 , is shown. In Case 1, it is assumed that the inverters are not 1547a compliant and they remain in operation during the transient. In Case 2, it is assumed that the inverters are 1547a compliant, and they drop off-line. In both cases, the total end-use load on Microgrid 1 is approximately 735 kW.
For clarity and reference, the frequency ranges of IEEE std. 1547a are shown in Table II. From Table II , it can be seen that a 1547a compliant inverter is required to trip off line if the frequency exceeds certain values for a given period of time. There are four functions, two for under frequency and two for over frequency. IEEE std. 1547a provides ranges for frequency and clearing times, with recommended default settings for each of the four functions. By default, function UF1 requires an inverter to trip off line for larger magnitude short duration transients; specifically, if the frequency drops below 57.0 Hz for longer than 0.16 seconds. By default, function UF2 requires an inverter to trip off line for smaller magnitude longer duration transients; specifically, if the frequency drops below 59.5 Hz for longer than 2.00 seconds. The two over frequency functions, OF1 and OF2, operate similarly to UF1 and UF2 except that they operate on frequencies above the 60.0 Hz nominal. For this paper it is assumed that all inverters are operating with the default settings of IEEE std. 1547a.
From Fig. 2 , it can be seen that the initial isolation of the microgrid causes a drop in system frequency. The speed control governor on the single operating diesel generator then begins to bring the frequency back to nominal. In both cases, the frequency returns to nominal in approximately five seconds. However, in Case 2 there is a second drop in frequency due to the tripping of 150 kW of solar PV; the inverters tripped on UF2 from Table II . There is 250 kW of nameplate solar but only 150 kW output during the simulation.
If the end-use load had been slightly larger, or the diesel generator slightly smaller, the tripping of the inverters could have resulted in a condition where the end-use load, plus losses, exceeded available generation. The result is that the diesel generator would not be able to maintain frequency and voltage control, and protective devices would trip the only remaining source of generation, resulting in a complete collapse of the microgrid. An example of this condition will be shown in Scenario 1 in Section V-A. One option to mitigate the severity of these transients and to prevent the loss of inverter connected PV is to deploy end-use loads that are equipped with GFA controllers.
IV. CONTROL USING GFA
End-use loads equipped with GFA controllers have been shown to be able to provide a number of ancillary services when grid connected [35] [36] [37] . During normal operation the GFA controllers do not require any form of communications infrastructure to operate; however, this assume that the initial device set points are adequate for all potential system conditions. It may be beneficial to have a communications network to update device set points seasonally, but communications are not necessary during a transient event.
A. GFA Operations When Grid Connected
End-use loads equipped with GFA controllers were first deployed as part of the U.S. Department of Energy-funded Olympic Peninsula Project in 2006 [35] , [36] . GFA controllers were also deployed on 90 units in 2011 in the Flathead Electric Cooperative as part of the Pacific Northwest Smart Grid Demonstration Project [37] .
In the original Olympic Peninsula Project, GFA controllers were deployed in an autonomous under-frequency load-shedding scheme on 150 new residential clothes dryers and 50 retrofitted electric hot water heaters. The GFA controllers were set to drop the load if the system frequency dropped below 59.95 Hz [36] . Additionally, the GFA controllers included a time delay to re-energize their load when power was restored, providing mitigation for cold load pick-up.
In addition to the field deployments of GFA controllers, laboratory experiments have shown that they are capable of additional functions. Under-and over-frequency are straightforward applications of the GFA controller. Attached to the right load, such as an electric vehicle charger, GFA controllers can also be used for frequency regulation, damping response, and voltage responses [47] .
B. GFA Operations When Islanded
This paper proposes to use the functionality of end-use loads equipped with GFA controllers to address the issue of IEEE 1547-compliant inverters tripping off-line when operating as part of a microgrid in islanded mode. The specific goal is to use a tiered series of GFA controllers to arrest frequency transients to prevent inverter-connected resources from tripping off-line. The load elasticity provided by the GFA controllers will allow for the switching operations necessary to coordinate multiple microgrids. To operate properly, the frequency set points for the GFA controllers will need to be set at values significantly lower than the 59.95 Hz set points used for transmission under frequency events [36] .
C. Determining GFA Set Points for Islanded Operations
When grid connected, GFA controllers use set points that respond to frequencies within the normal ranges of a bulk transmission system [36] . The frequency deviations experienced on isolated microgrids during switching transients are significantly larger than those typically seen at the bulk transmission system [41] . Therefore, it is necessary to determine set points that are appropriate for microgrid application. For this paper, the GFA set points have been selected heuristically based on dynamic simulations of the system described in Section III. Current work is extending this to a formal analytic determination of full time-varying set points.
The work of [38] [39] [40] has shown that it is possible to use large numbers of GFA-enabled end-use loads to provide primary frequency response. Ideally, the set points of the GFA controllers would be set so that the aggregate response of all devices would approximate a droop-like response [38] . The effective power versus frequency response is shown in Fig. 3a , with the distribution of GFA set points shown in Fig. 3b . It should be noted that not all load needs to be connected to a GFA controller.
When multiple microgrids are operating for resiliency purposes, the frequency response in Fig. 3a is not ideal, as it is not desirable for GFA controllers to operate during minor frequency deviations. By definition, the loads supplied by a microgrid for resiliency operations are critical and should not be used as the primary form of frequency control.
As an extension to the curve shown in Fig. 3a , it is possible to bias the distribution of GFA set points to obtain nonlinear droop responses. This can be desirable if the goal is to have generation provide the primary frequency response, and for the GFA loads to provide a response only during large transients.
Examining GFA controllers as a collection of thousands of devices works well at the transmission level, where there are hundreds or thousands of end-use loads. However, at the distribution level, there may only be tens or hundreds of GFA controllers. Therefore, the goal is to develop a frequencybiased population of GFA controller set points, similar to Fig. 3d , which approximates the droop curve of Fig. 3c using a small number of devices. The high GFA controller set point should be approximately 59.5 Hz and the minimum value 57.0 Hz. The upper value of 59.5 Hz is selected to ensure that the GFA-controlled loads are not engaged for primary frequency. The lower value of 57.0 Hz is selected so that all GFA-controlled end-use load is engaged before the IEEE 1547a-compliant inverters drop out.
V. SIMULATION RESULTS
This section will examine the simulation results from four scenarios. Each of the four scenarios begins with an initial loss of substation service and the formation of two stable microgrids. It will be assumed the Microgrid 3 is not formed because of a failure of its only rotating machine, unit G8. Despite the failure of the only diesel generator, Microgrid 3 has a large 750 kW solar PV unit that could provide significant generation that requires no fuel. Furthermore, with the additional generation it may be possible to shut down one or more generating units and run the remaining unit(s) at levels that are more efficient. For each of the four scenarios, in the base case, the connected end-use load is approximately the same; Each of the four scenarios will examine the switching transients associated with different methods of attempting to energize Microgrid 3. The goal of energizing Microgrid 3 will be to access the capacity of the large 750 kW solar array and to possibly shut down one or more of the diesel generators. All of the simulations for the following scenarios are conducted in the GridLAB-D simulation environment [41] , [42] , [48] .
In the four scenarios that will be examined, microgrid frequency and generator loads are plotted. While these are the only values plotted, the inverters are also implementing the under and over-voltage set points of IEEE std. 1547a, similar to Table I but based on voltage. Additionally, the thermal ratings of all equipment are monitored. All voltage and thermal values were within acceptable limits, so there are not plotted. Additionally, all dynamic simulations are conducted with a 1-millisecond time-step.
A. Loss of Substation Service
Prior to examining the four use scenarios, the initial loss of substation service and the transition to stable operation of Microgrid 1 and Microgrid 2 will be examined. While the loss of a transmission system can be the result of power system faults that introduce transients into the system, for the purposes of this paper the loss of the transmission system will appear as if a single isolation breaker were opened. This assumption is made because the focus of this paper is on the ability of isolated microgrids to support switching operations, and not on their ability to seamlessly transition from grid connected to islanded operations.
The frequency transients for the two microgrids can be seen in Fig. 4a , and the active power outputs for the generators on Microgrid 2 can be seen in Fig. 4b . Microgrid 1 initially experiences an above nominal frequency, while Microgrid 2 experiences a below nominal frequency. The magnitude of the transient is due primarily to the low inertia of the two microgrids.
Due to the magnitude of the over frequency transient, PV units G6 and G7 trip due to OF1 from Table I , reducing the amount of active power being injected into microgrid 2. The decrease in active power injection will reduce the acceleration of the diesel generators, resulting in a reduced over frequency transient.
Once the transients of the two microgrids have stabilized, and the inverters have been reconnected, it is possible to examine the four scenarios for energizing Microgrid 3. The following scenarios all start with the initial islanding transient shown in Fig. 4 , but the plots start at 15 seconds.
B. Scenario 1: Re-Energizing Microgrid 3 (With Microgrid 1&2)
Because of the amount of connected load on Microgrid 3, it is not possible to energize it with the generation assets of Microgrid 2; the connected load exceeds the rated capacity of the generators. Scenario 1 examines re-energizing Microgrid 3 after Microgrid 1 and Microgrid 2 have been interconnected. This is done by paralleling across the switch between node 151 and node 300, as shown in Fig. 1 . Once the two microgrids are interconnected, the nameplate capacity of generation is greater than the connected load of Microgrid 3. The frequency response is shown in Fig. 5a and the total active power output of all generation for Scenario 1 is shown in Fig. 5b .
From Fig. 5a and Fig. 5b , it can be seen that even with the nameplate capacity of the generation exceeding load, the frequency transient is extreme enough that all 1547a-compliant inverters trip off-line at approximately 22 seconds. The speed control governors on the rotating machines begin to bring the frequency back to the 60 Hz, but they are not able to maintain it, and at approximately 32 seconds, the system frequency begins to collapse.
The collapse of the system frequency occurs because the loss of the inverter-connected PV, at 22 seconds, leaves the combined microgrids with more load than generation. Initially there was more nameplate generation than connected load, but the loss of the inverter-connected PV changed this condition. As a result, the frequency of the system cannot be maintained and the simulation fails at approximately 37 seconds. For an operational system, the frequency would never drop as low as shown in Fig. 5a . Well before the frequency dropped to the levels shown in Fig. 5a , one or more protective devices would operate and isolate the diesel generators, resulting in a blackout. Due to dynamic behaviors, it is not possible to energize Microgrid 3 using the existing combination of generation resources of Microgrid 1 and Microgrid 2.
C. Scenario 2: Re-Energizing Microgrid 3 (Oversized Generators on Microgrid 2)
In Scenario 2, the size of the generator G4 is increased from 600 kW to 750 kW. For an operational microgrid, this would require the removal of the 600 kW generator and the installation of a new 750 kW unit. The frequency response and total active power output of all generation for Scenario 2 are shown in Fig. 6a and Fig. 6b .
In Fig. 6a and Fig. 6b it can be seen that there is still a secondary transient from the loss of the solar PV. However, the increase in generator capacity means that there is more generation capacity than end-use load, even after the loss of the solar. As a result, despite the loss of the inverter-connected PV, Microgrid 1 and Microgrid 2 are able to energize Microgrid 3 and form a single stable microgrid.
While increasing the size of G4 from 600 kW to 750 kW allows for the energization of Microgrid 3, the generator upgrade is an expensive solution that may not be practical. In addition to the high capital cost of replacing a generator, Microgrid 2 already has a large amount of diesel generation in relation to the connected end-use load; 900 kW of generation for 330 kW of load. Increasing the size of the diesel generators on Microgrid 2 would require the diesel generators to be operated at even lighter loads when islanded, resulting in generator wet stacking [49] . The combination of high capital costs and undesirable loading conditions means that increasing the size of the generators is technically feasible, but not practical.
D. Scenario 3: Re-Energizing Microgrid 3 (Manually Disconnecting Load in Microgrid 3)
In Scenario 3, the end-use load of Microgrid 3 is reduced by manually removing fuses to a number of the secondary service transformers. The intent is to reduce the connected end-use load to a value that is lower than the nameplate rating of the available diesel generators. This reduction is done to levels assuming that the inverter-connected PV will drop out. Approximately 150 kW of end-use load is disconnected for Scenario 3. The frequency response and total active power output of all generation for Scenario 3 is shown in Fig. 7 .
It can be seen in Fig. 7a and Fig. 7b that both the frequency response and the active power generation for Scenario 3 is similar to Scenario 2. With the manual removal of the appropriate amount of end-use load, the generation assets of Microgrid 1 and Microgrid 2 are able to energize Microgrid 3.
While the manual removal of end-use loads does enable the combination of Microgrid 1 and 2 to energize Microgrid 3, the process of fuse removal poses a number of operational challenges. First, while fuse removal is a standard operation for line crews, it can be time consuming if the crews need to remove a large number of fuses. Second, during a severe storm, it may be difficult for crews to travel to, and to access, all of the desired fuses. Third, if the fuse removal takes too long, then cold load pick-up issues must be addressed [22] [23] [24] . For these reasons, manually removing end-use load is not practical.
E. Scenario 4: Re-Energizing Microgrid 3 (GFA Enabled End-Use Loads in Microgrid 1 and Microgrid 2)
In Scenario 4, it is assumed that Microgrid 1 and Microgrid 2 are operating interconnected, with approximately 205 kW of end-use load with GFA controllers; this represents less than a 10% penetration of GFA devices.
The 205 kW of GFA-controlled load is clustered into six groups, each with its own frequency set points, as shown in Table III . These set points produce a frequency response curve that is similar to that shown in Fig. 3c , where the end-use load is not engaged for primary frequency controls.
Each of the six groups in Table III could represent a single end-use load or a collection of end-use loads; the exact breakdown will depend on the composition of the end-use loads in the microgrid. For example, GFA Group #1 could represent an entire house or thermostatic setbacks for two small air condition units.
The use of six control groups was determined to be effective for the combination of three microgrids shown in Fig. 1 . Other systems could require a different number of groups, or groups that overlap. Future work will focus on determining the optimal control structure for maximum operational flexibility. This paper is examining the feasibility of the initial concept.
All GFA devices are assumed to operate within 80 milliseconds of detecting an under frequency condition. This time includes a moving window average to detect an under-frequency event, and the time for the mechanical operation of the breaker; GFA devices are installed at the 120V, 220V, or 440V voltage levels.
The set points in Table III provide a non-linear response from the GFA controlled load during an under frequency transient. The set points of the GFA controllers are biased toward lower frequencies with a distribution similar to what is shown in Fig. 3d , providing an effective droop response similar to what is shown in Fig. 3c . The frequency response and total active power output of all generation for Scenario 4 are shown in Fig. 8a and Fig. 8b .
From Fig. 8a , it can be seen that the operation of the GFAcontrolled load reduces the duration of the transient so that the 1547a-compliant inverters do not trip off-line. While the biasing does increase the magnitude of the transient, it ensures that a minimum of end-use load is interrupted during the switching transient.
From Fig. 8a and Fig. 8b , it can also be seen that once the frequency returns to nominal, there are four small transients as the GFA controllers re-energize their end-use loads. This indicates that only four of the six groups of GFA controllers were actuated, the lower two groups were not engaged. Of the 205 kW of end-use load that was controlled by GFA devices, only 80 kW of end-use load was interrupted during the SCENARIO IV transient; this is less than 5% of the connected load. The reenergization of the four groups of GFA controlled load occurs in the same order as they were triggered, with the smaller Group #1 loads energizing first, and the larger Group #4 loads energizing last. The result is that with only a small interruption to a portion of the end-use load, Microgrid 1 and Microgrid 2 were able to energize Microgrids 3.
F. Scenario 4: Summary and Efficiency Calculations
Once all three microgrids are interconnected, no additional switching operations are necessary to make use of the 750 kW PV unit in Microgrid 3. The energization of the 750 kW PV unit, the transfer of load between DG units, and the shutting down of DG units can all be accomplished with little or no impact to frequency or voltage. The following discussion will highlight how the operation of the interconnected microgrid allows for more efficient steady state operations.
When a single microgrid has been formed, and the 750 kW PV array can be energized, its output will reduce the diesel fuel that needs to be consumed to supply the end-use load. Additionally, with the added solar generation, it is possible to shut down generator G4. When generator G4 is shutdown, the loading on Generators G1 and G5 will increase, moving them to a more efficient operating point. The various combinations of generator commitment, and their loading, can be determined from a series of steady state power flow simulations. Table IV shows the steady-state values for generators loading, PV output, system end-use load, and losses for three unit commitments.
From Table IV , it can be seen that shutting down generator G4 allows the system to switch from three generators operating at 66.1%, to two generators, G1 and G5, operating at 96.6%. If a loading level of 96.6% is too close to the operating margins, then generators G1 and G4 could be operated at 78.6%, with generator G5 shutdown. In either case, changing the generator commitment to achieve a dispatch with higher loading will increase the efficiencies of the generators. A typical diesel generator efficiency curve is shown in Fig. 9 . Using the curve shown in Fig. 9 , increasing the steady state loading from 66.1% to 78.6% increases the efficiency of the units by approximately 2.0%.
Using efficiency curves for each generator, the expected fuel savings can be extrapolated from time-series simulation or past field demonstrations. In multiple field demonstrations, it has been shown that shutting down lightly loaded diesel generators, and increasing the load on others, can decrease fuel consumption by up to 30% [50] , [51] .
As a result, the ability to coordinate the operation of multiple microgrids in Case 4 allowed for the efficiency of the system to be increased to reduce the consumption of diesel fuel. In the aftermath of an extreme event, the capability to coordinate multiple microgrids will allow for extended operations of critical end-use loads when fuel may be scarce.
VI. CONCLUSION
Smart community deployments around the world are motived for numerous reasons, including resiliency of critical end-use loads. In a resiliency application, the coordinated operation of multiple microgrids can maintain critical enduse loads for longer periods than the traditional paradigm of isolated backup generators. While the operation of coordinated microgrids can support the extended operation of critical end-use loads, the required switching transients can result in dynamic instabilities that interrupt power. The potential for dynamic instabilities increases as the penetration of inverter connected generation increases, due to the reduced system inertia.
In addition to the reduced system inertia, operational standards can result in inverters disconnecting during frequency and/or voltage transients. As an example of how dynamics associated with switching transients can be mitigated, this paper has examined the use of GFA controllers. It has been shown that engaging a relatively small percentage of the end-use load, less than 10%, in a decentralized control scheme, enables the necessary switching operations. The coordinated operation of multiple microgrids in turn increases the resiliency of critical end-use loads.
Future work will focus on two main areas. The first area is the inclusion of dynamic load models. The inclusion of load dynamics will be important for microgrids with induction motors or other complex loads. The second area is a more detailed investigation of the GFA control strategies. This will include determining the optimal amount of GFA load to control in a microgrid, determining the ideal under frequency set points by load type, and the inclusion of energy storage technologies. 
